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Abstract

Radiated emlSSlOn measurements are frequently used to test electronic products
against certain EMC emission requirements. These days, the radiated emission
measurement is subject to modification by the EMC standardisation body CISPR.
Simulation tools are very useful to support such modifications. The goal of this grad
uation study is to develop a numerical tooi for simulat ion of radiated emission testing
and to examine the capability of such tool to perform parameter variation studies.
For this parameter study, we focus on height and distance variations of the anten
nas. At the start of the graduation study, within Philips Research three tools were
available to simulate radiated emission, nameiy CALTS, NEC and Berber. CALTS
is a program based on analytical expressions. Both the tools NEC and Berber are
based on the Method of Moments, which is a numerical approach. At the start of
the graduation study, the uncertainty of these tools was unknown. The main limi
tation of the CALTS program is that only very thin dipoles can be simulated close
to the resonance frequency. Subsequently, an additional tool is developed especially
for the simulation of the coupling between two dipoles also beyond resonance. It is
based on a numerical approach. This tool is developed as an additional reference
for the validation of the existing numerical simulation tools, NEC and Berber. The
new tool uses the reduced form of Pocklington's integro-differential equation and
the Method of Moments for the numerical implementation. An iterative conjugate
gradient FFT algorithm is used in order to solve the linear system, in contrast to the
tools NEC and Berber, which use LU-decomposition for this application. The differ
ent simulation tools are validated by means of measurement results and analytical
references as well. From the limited uncertainty considerations of the simulations
and the measurements it can be concluded that the uncertainty of the simulation
tools NEC and Berber is of the same order of magnitude as the uncertainty of an
actual measurement, i.e., 4 dB.
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Chapter 1

Formulation of the problem

1.1 Introduction

In this chapter, the starting points of the graduation study will be introduced. At
fiTst, we pay attention to the background of EMC measurements and the current
problems with uncertainties. In section 1.4, we look at possible existing software
tools for simulation of radiated emission measurements. At the end of the chapter,
the goals, the method of approach and the outline of the thesis are mentioned.

1.2 Measurements in the EMC field

Within the EMC (Electro Magnetic Compatibility) Cluster of Philips Research,
radiated interferenee measurements are performed for various produets. These mea
surements can be split into two categories, namely an emission test and an immunity
test. For an emission test, the radiated EM-field of an EUT (Equipment Under Test)
is measured. On the other hand, the EUT is tested on its robustness against exter
nal EM-radiation, if an immunity test is performed. Several types of test facilities
can be applied to perform standardised EMC measurements. The first test facility
in history was the OATS (Open Area Test Site). By this test facility the emission
measurements take place in the open air and over a reflecting ground plane. The
main disadvantages of the OATS are the influences of the ambient, e.g., rain, the
influenees of the surrounding area, e.g., buildings and also interference from broad
casting. As a consequence, these disadvantages have stimulated the development of
alternative indoor test facilities such as the SAR (Semi Anechoic Room) and the
FAR (Fully Anechoic Room), depieted in Figure 1.1. The most frequently used fa
cility for EMC measurements is the SAR. This chamber is built up with a very well
conducting ground plane on the bottom and absorbing material on the walls and
the ceiling. Besides the SAR, the FAR test facility ean be used, where the bottom
is provided with absorbing material also. If the absorbing material, on the walls of
the FAR, is ideal, then the measurements in this chamber are equivalent to those in
a free space situation.
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Figure 1.1: (A) Semi Anechoic Room, (B) Fully Anechoic Room.

1.3 Uncertainties in EMC measurements

It is important to formulate quality requirements for the test facilities, to make a
good comparison of the standardised EMC measurements possible and make these
reproducible. The reason for these requirements is to prevent misinterpretations,
when results obtained from different test facilities are compared. This indicates
the relevance to analyse the EMC test facilities. Unfortunately, most standardised
EMC measurements suffer from a Jack of insight in all uncertainty factors. Uncer
tainties may be caused by inadequate or ambiguous specifications in the standards.
Within CISPR A, a sub committee of CISPR (Comité International Spécial des Per
turbations Radioélectriques) which is a part of lEC (International Electrotechnical
Committee), this problem is recognised. Therefore, within CISPR A the so called
"compliance uncertainty" project is started. The aim of this project is the estab
lishment of adequate uncertainty budgets for various types of EMC tests in order to
reduce the uncertainties in EMC test methods. The first type of test to investigate,
is the radiated emission test as described in CISPR 22, see [2]. Philips Research
actively participates in this project and has initiated a RRT (Round Robin Test)
for a radiated emission test. Philips Research has chosen a monopole above a small
conducting plane as one of the EUT's of the RRT.

1.4 Existing simulation tools

Presently, three tools for simulation of radiated emission are available within Philips
Research, namely CALTS (Calibration Test Site), NEC (Numerical Electromagnet
ics Code) and Berber. CALTS is developed at Philips Research and works with
analytical expressions. In contrast with CALTS, NEC and Berber are tools, which
are based on the MoM (Method of Moments) both. This is a numerical approach to
solve the integral equation of the electromagnetic field problem. NEC is a generally
used program [5], but Berber is developed and used at Philips Research only. Before
a simulation can be perfornled with NEC or Berber, the Emir-preprocessor must
be executed. Emir is a program that performs among other things the meshing
of the structure. Aftel' the simulation with NEC or Berber is finished, the Emir-
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postprocessor must be executed for the rearrangement of the data, produced by
NEC or Berber. Finally, the program Em2plot or Em2gnu must be executed so the
data will be suitable for a plot program or can be used for additional processing.
The different simulation steps are explained in detail in de Emir manual, see [12].
All these different programs make the use of NEC or Berber a little laborious and
also the uncertainty of NEC and Berber is unknown a priori.

1.5 Goals

The goal of this graduation study is to obtain an numerical tooI for simulation of
radiated emission measurements.
This can be achieved by the development of a new tooI in combination with an
evaluation of the existing tools. Each of the candidate tools will be validated and
must obey the following requirements:

1. It must be possible to simulate realistic receive antennas and EUT's;

2. The radiated emission of an EUT, over a wide frequency band (30-1000 MHz),
must be simulated accurately, e.g., at most 4 dB uncertainty;

3. It must be possible to scan the receive antenna in height and keep the maxi
mal coupling, in accordance with the radiated emission standard described in
CISPR 22 [2];

4. It must be possible to make a choice for the bottom plane to be either per
fectly conducting or perfectly absorbing, in order to simulate a SAR or FAR
situation.

In addition, it is also important to get insight in the uncertainties occurring in
radiated emission measurements. Hence, the simulation tooI must be capable also
to perform parameter variation studies of a radiated emission test.

1.6 Method of approach

To reach the goals in compliance with the requirements of a simulation tooI, a well
structured research is necessary. At first, the graduation study is started with a
literature study. The results of this study can be found in Appendix A. In order
to fulfil the third requirement, the existing tools must be expanded with a height
scan option. In this way, a simulation of a radiated emission test will be possible in
compliance with the standard. For this height scan application an "EMC simula
tion shell" is developed. The user manual of this shell can be found in Appendix C.
In this study, the test facilities are assumed to be ideal. This means a perfectly
conducting ground plane (only for SAR and ÜATS) and perfectly absorbing mate
rial on the walls and the ceiling. In addition, measurements will be performed to
validate the results obtained from the candidate simulation tools. Because of the
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uncertainties associated with emission tests, it is important to perform validation
measurements in different test facilities. As first step, a two-dipole configuration is
chosen, because approximated analytical references can be used for the validation,
e.g. as described in CISPR 16-1, see [1]. As second step, parameter studies will be
performed using the same two-dipole configuration. As a final and more complex
step, the monopole configuration, part of the mentioned RRT, is examined. The
strategy of the whole project can be summarized with the following list:

1. Two-dipole configuration:

• Simulation of the coupling between two resonant dipoles;

• Simulation of the coupling between two non-resonant dipoles;

• Comparison with measurement results and analytical references.

2. Parameter studies using the two-dipole configuration.

3. Monopole configuration:

• Simulation of the coupling between a monopole antenna above a small
ground plane and a dipole receive antenna;

• Comparison with measurement results.

1. 7 Outline of the thesis

In chapter 2 we first look at the procedure for radiated emission testing. In addition,
also useful parameters for test site validation are mentioned in this chapter. In
chapter 2 we also pay attent ion to the simulation of radiated emission measurements.
With respect to the simulation tools, first the background theory of the program
CALTS is explained in chapter 4 and an assessment of this analytical approach is
performed. For the computation of two non-resonant dipoles, a new simulation tooI
is developed especially for the simulation of dipoles. This tooI is based on the MoM
(Method of Moments), a numerical approach. The derivation of this approach can
be divided into three steps:

• Deriving the appropriate integral equation, chapters 3 and 5;

• Transforming the integral equation into a linear system (discretization), chap
ter 6;

• Solving the linear system, chapter 6.

Furthermore, the results of this simulation tooI are validated. The simulation results
of the tooI are compared with those of NEC and Berber, with analytical references
and also with measurement results. The results of the validation will be discussed
in chapter 7. The parameter study will be discussed in chapter 7 as weIl. With the
gained insights, we end this thesis in chapter 8 with the conclusions and recommen
dations for future research.
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Chapter 2

Radiated emission
measurements

2.1 Introduction

As a starting point, it is important to describe the actual procedure of a radiated
emission measurement. This measurement must be performed in compliance with
the CISPR standards, see [2J. In addition, the most important parameters for the
validation of emission test facilities will be described.

2.2 Basics of a radiated emission test

As mentioned earlier in paragraph 1.2, radiated interference measurements can be
split into an emission and an immunity test. In this report, only the radiated
emission measurements will be considered. In the EMC field we look at radiating
elements inside an EUT, which are not designed to radiate. This makes the measure
ments and the analyses complex and a little bit laborious. In general, the behaviour
of the radiating elements are unknown before a measurement is performed. How
ever, from "normal" functional antennas, we know that the radiation pattern or
sensitivity of a radiating element depends on four parameters namely: the eleva
tion angle, the azimuth angle, the frequency and the polarisation. Hence, the EMC
test facility is equipped with tools to measure the radiated field of the EUT for all
these parameters. The EUT is positioned at a fixed height. Furthermore, the receive
antenna will be scanned in height in order to measure the field in the elevation direc
tion. The azimuth pattern is measured by using an EUT turn tabIe, see Figure 2.1.
Subsequently, the measurements are performed in two polarisations, horizontal and
vertical. The parameters Hl and H2 in Figure 2.1 denote the heights of the EUT
and the receive antenna, respectively. Moreover, there is also an additional reason
for performing the height scan. Namely, in the case of a SAR or OATS, the bottom
plane is provided with a high conducting ground plane and therefore an additional
ground reflection is present. The direct and reflected wave can interfere, constructive
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Height scanning
receive antenna c\=f=f::f:fj::::J

H2

d

Bottom plane

Figure 2.1: Measurement configuration for radiated emission test ing.

or destructive, which depends on the phase difference between them. In order to
find the maximum emitted signal for each frequency, the phase difference between
both waves must be varied. This can be reached by scanning the receive antenna in
height, see Figure 2.1. So we get for almost all frequencies the maximum emitted
signal. The height scanning receive antenna is standard for radiated emission test
ing. The distance between the receive antenna and the EUT is denoted with d in
Figure 2.1. The height of the EUT, the distance between the EUT and the receive
antenna and the range of the scanning receive antenna, are standardised parameters.
For measurements in the SAR at Philips Research the distance d is normally 3 m,
the height of the EUT is normally 0.8 mand the range of the height scan is 1 - 4 m.

2.3 Parameters used for site validation

In this section, some parameters are explained, which are often used in the EMC
field as well as for the validation of test facilities.

2.3.1 Site attenuation

At first, the SA (Site Attenuation) will be introduced. The SA is used as afigure
of merit for the quality of a test site. For that purpose the EUT is replaced by an
antenna fed by a generator Vg. For this configuration the ideal (theoretical) SA can
be determined. The actual SA of a test site is determined using a two step procedure,
depicted in Figure 2.2. The transmit antenna is connected with a generator Vg with
an internal impedance Zg. Subsequently, the receive antenna is terminated with a
load impedance ZL. In the case of dipole antennas, also baluns are necessary, to
transform the unbalanced transmission line mode to a balanced mode. As a first
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Figure 2.2: Site attenuation measurement

step, the signal Vr at the terminal of the receive antenna wiU be measured in a
'through' configuration, see step 1 in Figure 2.2. Secondly, the signal Vr at the
terminal of the receive antenna wiU be measured, when the 'through' is replaced by
two antennas, actuaUy the EUT and receive antenna, see step 2 in Figure 2.2. With
the measured signal Vr obtained from step 1 and step 2, the SA can be defined as

V,SA = rthrough

Vrantennas

2.3.2 Normalised site attenuation

In the SA Eq. 2.1, the influence of the antennas is taken into account as weU. If
only the influence of the test facility is interesting, then Eq. 2.1 must be divided by
the AF's (Antenna Factor) of both antennas. This, to obtain a parameter, which is
known as the NSA (Normalised Site Attenuation). The AF (Antenna Factor) of an
antenna is defined as the relation between the received incident electric field IE; I,
if the antenna is absent, and the received signal voltage IVrl in the presence of the
antenna, this yields the definition of the antenna factor

AF = IE;I.
IVrl

With the latter definition also the NSA can be defined, as foUows

NSA = Vrthrough 1 .
Vr antennas AFl AF2

(2.2)

(2.3)

In compliance with the standard, an EMC test facility may be used for radiated
emission testing, when the NSA of the facility differs less than 4 dB from the NSA
of an ideal test facility. This is the reason that the uncertainty of a simulation tooI
is chosen to be 4 dB also, as mentioned in the second requirement of section 1.5.
FinaUy, the SA is explained in this chapter, because the determination of the SA,
either by measurement or simulation, is the subject of this study.
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Chapter 3

Basic relations of the EM-field

3.1 Introduction

In this chapter, we start with an explanation of the fundamental equations, such as
Maxwell's equations and with the necesarry transformations. After this, the mag
netic vector potential is introduced. With this vector potential an integral relation
can be derived, which forms the basis of Pocklington's equation, mentioned in chap
ter 5. The magnetic vector potential is solved using the Green's function of the
three-dimensional Helmholtz equation.

3.2 Basic relations

3.2.1 Maxwell's equations in the time domain

We start this chapter with the fundamental laws for the calculation of EM-fields,
the Maxwell equations. In the Eqs. (3.1) and (3.2), the fields are put on the left
hand side of the equations and the sources are put on the right hand side

\l x ê(r, t) + at13(r, t) = 0,

\l x 1l(r, t) - atD (r, t) = :r(r, t),

\l . D (r, t) = Pv (r, t) ,

\l . 13(r, t) = O.

(3.1)

(3.2)

(3.3)

(3.4)

Besides these four equations, there are three equations for the behaviour of the
medium, the so called constitutive relations

:r(r, t) = a(r)ê(r, t),

D(r, t) = E(r)ê(r, t),

9
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B(r, t) = Jl-(r)1i(r, t). (3.7)

These equations are operative in the medium in which the fields exist. In the list
below the denotation of the used symbols are given

[(r, t) =

1i(r, t) =

Jl-(r) = Jl-OJl-r(r) =

Jl-o =
E(r) = EOEr(r) =

EO =
a(r) =

:r(r, t) =
B(r, t) =

D(r, t) =

pv(r, t) =

electric-field strength
magnetic-field strength
permeability
permeability of vacuum
permittivity
permittivity of vacuum
conductivity
electric current density
magnetic flux density
electric flux density
volume charge density

[Vm- 1],

[Am- 1],

[Hm -1],
[Hm- 1],

[Fm- 1],

[Fm- 1],

[Sm- 1],

[Am- 2],

[Vsm- 2],

[Asm-2],

[Cm-3].

The fields and sources in Eqs. (3.1) and (3.2) are denoted in the time-domain. It is
also possible and sometimes preferabIe to denote the terms in the s-domain. Before
we perform this transformation, it is useful to mention the most basic properties of
the Laplace transformation.

3.2.2 The Lapace transform

When a signal is activated on a certain time to, the interested interval for the so
called temporal Laplace transform is to :::; t ::; 00. The definition of this transform is
given in the next equation

F(r, s) = r= e-stF(r, t)dt.
lto

For this transform we can use the following symbolic notation also

L {F(r, tn = F(r, s).

(3.8)

(3.9)

One well-known property of the Laplace transform is that a time derivative Ot of a
time function F(r, t) can be transformed by a simple multiplication with s in the
s-domain, as follows

L{OtF(r,t)} = sF(r,s). (3.10)

Another property of the Laplace transform is that a time-shift causes an exponential
function in the s-domain

L {F(r, t - T)} = e-stF(r, s).

10
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The inverse counterpart of the temporal Laplace transform Eq. (3.8) is defined in
the next equation

1 l{3+jOO
L- 1 {F(r, sn = -. estF(r, s)ds = :F(r, t).

27fJ (3-joo
(3.12)

This inversion integral is often called the Bromwich inversion integral. In order to
keep the transformation stabie we must choose Re {,G} to the right of all poles of
F(r, s).

3.2.3 The spatial Fourier transform

We define the spatial Fourier transform V(k, s) of a vector field V(r, s) over the
domain D as

V(k,s) = r V(r,s)e-jk.rdr,
.frED

(3.13)

where k = kx U x + ky u y + kz Uz, denotes the angular wave vector. The vector field
V(r, s) is bounded for a certain domain D, which is depicted in Figure 3.1 below.

Ser)

___---L- +- ---i- ---. r

15 aD D aD 15

Figure 3.1: The shape function S(r).

As a consequence, Eq. (3.13) is multiplied with a shape function S(r), which
defines the boundary, this yields

V(k,s) = j' V(r,s)S(r)e-jk-rdr.
rEIR3

Symbolically, this can be written as

F{V(r, sn = V(k, s).

The inverse counterpart of Eq. (3.13) can be defined as

S(r)V(r,s) = {I, -2
1

,O}V(r,s) = ~ r V(k,s)ejk-rdk,
87f .fkEIR3

11
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for r E {D, aD, D}. Symbolically, this can be written as

-1 ' { 1 }:F {V(r, sn = 1, 2,0 V(k, s), (3.17)

for r E {D, aD, D}. The spatial Fourier transform has two important properties.
For the spatial derivative, we obtain the following property,

:F{VV(r,s)} = -jkV(k,s). (3.18)

Also the convolution of two functions in the spatial domain delivers an useful and
simpIe muItipIication in the k-domain

1 f(r - r/, s)g(r', s)dr' = :F- 1 {J(k, s)g(k, s)},
r ' EIR3

which is known as the convolution theorem.

3.2.4 Maxwell's equations in the s-domain

(3.19)

If we perform a Laplace transform for the Maxwell equations in the time-domain
Eqs. (3.1) - (3.4), this yields the Maxwell equations in the s-domain

v x E(r, s) + sB(r, s) = 0,

v x H(r, s) - sD(r, s) = Je(r, s),

v .D (r, s) = Pv (r , s ),

V· B(r, s) = o.

(3.20)

(3.21)

(3.22)

(3.23)

The advantage of this notation in the s-domain is the vanishing of the time deriva
tives.

3.3 Derivation of the integral representation

In the Eqs. (3.20) and (3.21), a description is given of the fields and their mutual
influence. However, for further derivations it useful that one variabIe can be used
in order to express the E-field and the H-field both. We can use a magnetic vector
potential to realise this. With this vector potential an integral representation can be
derived. This is interesting, because the integral representation of the E-field forms
the basis of the integral equation for thin wires, which will be derived in chapter 5.
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3.3.1 Definition of the magnetic vector potential

In this part we start with the derivation of the magnetic vector potential Ae(r,s).
In accordance with Eq. (3.23), the divergence of the magnetic flux density is zero.
We know that the divergence of the H-field is zero in this situation also, because
of Eq. (3.7). Therefore, we consider the vector potential, using the following vector
identity

\7. \7 x W = 0, (3.24)

where Wis an arbitrary vector. So we define the magnetic vector potential Ae(r, 5),
as follows

1
B(r,s) = \7 x Ae(r,s) ~ H(r,s) = -(\7 x Ae(r,s)).

I-L

If we substitute the lat ter equation into Eq. (3.20), this yields

\7 x E(r,s) = -sB(r,s) = -s(\7 x Ae(r,s)).

(3.25)

(3.26)

If the right hand side of the lat ter equation is shifted to left and the curl operator
is isolated, we get

\7 x [E (r,s) + sAe (r, s )] = o. (3.27)

We know from the vector identity \7 x (- \7V) = 0 that the last equation can be
rewritten as follows

E(r, s) + sAe(r, 5) = -\7cP(r, 5).

For the E-field we end up with

E(r,s) = -sAe(r,s) - \7cP(r,s).

(3.28)

(3.29)

In the Eqs. (3.28) and (3.29), the cP(r, s) symbolises an arbitrary electric scalar
potential. In addition, we can take the cml of both sides of Eq. (3.25) and using the
next vector identity

(3.30)

we end up with

(3.31)

If we substitute the second Maxwell equation Eq. (3.21) into the latter equation, we
get
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For the E(r, s) in the last equation, we can use Eq. (3.29)

In Eq. (3.25) the curl of the vector potential is defined. We are free to define the
divergence of the vector potential also. In order to simplify the latter equation, we
define \7. Ae(r,s) as

1
\7. Ae(r,s) = -SEj.1,<jJ(r,s)::::} <jJ(r,s) = --\7. Ae(r,s),

SEj.1,
(3.34)

which is well-known as the Lorentz gauge. Ifthis gauge is substituted into Eq. (3.33),
we end up with the inhomogeneous Helmholtz wave eqv.ation

(3.35)

Finally, combining the Eqs. (3.29) and (3.34), delivers the end expression for the
E-field

1
E(r,s) = -sAe(r,s) - \l<jJ(r,s) = -sAe(r,s) + -\7(\7. Ae(r,s)).

SEj.1,
(3.36)

3.3.2 Solution of the Helmholtz wave equation

With Eq. (3.36) we have reached an expression of the E-field only with the vector
potential as field relating variable. Subsequently, a solution must be found for the
vector potential with the aid of Eq. (3.35). If Ae(r, s) is isolated in this equation,
this yields

(3.37)

The c in the latter equation denotes the propagation velocity of the wave, which
is c = ~. This equation can be solved with the aid of the well-known Green's

function. The Green 's function forms an essential link between differential and
integral formulations. It can be used to obtain an integral equation from a (partial)
differential equation, such as the Helmholtz wave equation. The three-dimensional
Green's function G(r, s) is defined as the causal solution of the three-dimensional
Helmholtz wave equation, given by

s2
(\72 - 2 )G(r, s) = -o(r).

c
(3.38)

When this equation is compared with Eq. (3.37) we can see the same form of the
differential equation. However, in Eq. (3.37) the current Je(r, s) is put on the right
hand side, but in Eq. (3.38) a Dirac distribution function o(r) is present. This means
that the solut ion of Eq. (3.38), G(r, s), describes the response of a unit point source
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in the origin. If we perform a spatial Fourier transform, the transformed Green's
function is got in the k-domain,

(3.39)

where the k is the spatial Fourier variabie and not the wave number. For the Green's
function in the spatial domain, the inversion integral can be used over the domain
IR3 , this delivers

G(r, s) ~ ( G(k, s) ejk-r dk
87f JkE[{3

_1_ {OO dk r dBk (21r drPk k
2

sin(Bk) ejkrcos((hl. (3.40)
87f3Jo Jo Jo k2 +S2/c2

The spherical coordinates in the latter equation are introduced as a representation
of the k-domain and r = Irl. In Eq. (3.40) Bk is the angle between k and rand rPk
the angle of rotation of k around L The integrals in Eq. (3.40) with respect with Bk
and rPk are elementary and we arrive at

(3.42)

(3.41)

(3.44)

G(r, S) _1_ (OO k [ejkr _ e-jkrj dk
4j7f2r Jo k2 + s2/c2

1 JOO e
jkr

-- kdk.
4j7f2r _ook2 +S2/c2

This integration with respect to k can be solved by supplementing the path of inte
gration by a semi circle in the upper half of the complex k-plane and using Cauchy's
theorem and Jordan's lemma, well-known from the complex function theory, see [4].
This delivers the three dimensional Green's function

e- srle
G(r, s) = G(r, s) = --.

47fr

As mentioned above, the Green's function describes the response of a unit point
source in the origin. Now we can use the superposition principle. This means that
the responses of all point sources will be added. The distance r is replaced by Ir - r'l
for the end expression, because the sources are located not in the origin, in genera!.
In addition, the Green's function must be scaled with the value of the current at a
certain source location r'. This yields the end expression for the vector potential

1
-sir-rille

Ae(r, s) = ~ e I 'I Je(r', s) dr'. (3.43)
47f riED r - r

In this equation V denotes the finite domain, which contains the sources, see Fig
ure 3.2. Equation (3.43) can be written in a form where only the current and an

influence function G(r 1 s) = e~~:c is present on the right hand side

A e(r 1 s) = J.L1 G (r - r') s) Je (r' 1 s) dr'.
riED
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Figure 3.2: Domain definitions for the integral relations.

3.3.3 Integral representation

Furthermore, we can split both the magnetic vector potential into an interior part
Aó(r,s) and a boundary part AÉ(r, 5). With the derived vector potential, we end
up with the integral relation of the E-field

{I, l, 0}H(r, 5) = V x [Aó(r, 5) + AB(r, 5)],

{I, l, 0}E(r, 5) = (SE)-l(VV. --lI)[Aó(r, 5) + AÉ(r, 5)], (3.46 )

for r E {D, 8D, D} and, = sic. Where AÉ D(r, 5) are the vector potentials defined
>

as

Aó(r,s) = r G(r - r ' , s)Jó(r', 5) dr' ,
JrlED

AÉ(r,s) = 1 G(r - r',s)JÉ(r',s)dr'.
lr/EBD

(3.47)

(3.48)

The derived integral relation for the E-field forms the basis of Pocklington's integro
differential equation, which wiU be derived in chapter 5. With Pocklington's integral
equation, we can compute the current distribution along a wire. Subsequently,
Pocklington's equation can be expanded to a pair of equations to solve the two-wire
coupling problem. With these equations, the coupling between two dipole antennas,
can be computed. However, an analytical form of the coupling between two dipoles
wiU be analysed first, in the next chapter.
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Chapter 4

Analytical form of the coupling
between two resonant dipoles

4.1 Introduction

As mentioned in section 1.6, the simulation of the coupling between two resonant
dipole antennas is the first step. This is the reason that we consider the analytical
analysis of the coupling between two resonant dipole antennas in this chapter. The
results of this analytical analysis can be used as reference for the validation pro
cedure, mentioned in chapter 7. At the end of the chapter, the image theorem is
introduced for the simulation of the ground plane present within a SAR or ~ATS
test facility.

4.2 Mutual coupling between antennas

When an antenna is located in the free space and no other objects are located
close to the antenna, the antenna input impedance is fully determined by the self
impedance ZA or Z11, explained in subsection 4.2.1. However, when an antenna is
placed relatively close to another antenna, this antenna exerts some influence on the
neighbouring antenna. This phenomenon is called mutual coupling. In this situation,
the impedance at the antenna terminal is determined by the self impedance Z11 and
the mutual impedance Z21, caused by the presence of the other antenna. For the
analysis of the coupling between antennas m an EMC test facility, we must take
into account these mutual impedances. The derivation of the mutual impedances
starts with the analysis of the incident electric field at a dipole antenna, caused by
the current of another dipole antenna. This can be performed, when the current
distributions along the dipole antennas are known. For the analytical derivation,
the current distribution can be approximated sinusoidal

I(z) = Im sin(k( ~ - Izl)).

17

(4.1)



z

Rl

P
1/2 r

R2:

y

".'.
,

';4jp

x 1/2

Figure 4.1: Dipole geometry.

This assumption is only exact for infinitesimally thin wire antennas working with
frequencies close to the resonanee frequency of the dipole. In Eq. (4.1) k is defined
as the wave number, which is k = 2; and lm is defined as the complex amplitude
of the eurrent distribution along the antenna. For the derivation of the mutual
coupling between two perfectly eondueting straight wires with length land radius
a, a eylindrieal Cartesian eoordinate system is used. With Eq. (4.1) the p- and
z-component of the electric field in a specific point P, caused by the eurrent along a
dipole antenna, ean be ealeulated with the following equations, see [3] .

. 7) l m[( l)e- jkRl (l)e- jkR2 (kl)e-jkTJE = J-- z - - --- + z + - - 2z cos - --
P 41fP 2 Rl 2 R2 2 r '

(4.2)

(4.3)

These equations are valid also in the near-field of the antenna. In the latter equa
tions, the variables r, Rl and R2 are used to denote the distanee between three
points of the antenna and an arbitrary point P, see Figure 4.1. The 7) symbolises
the wave impedanee in free space, 7) = J /-La/fa.

4.2.1 The input impedance of a single antenna

In this part we derive an expression for the input impedance of an antenna. As point
of departure of this derivation the enforced boundary condition will be introdueed
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at first. The dipole antenna is assumed to be a perfectly conducting wire. As a
consequence, the boundary condition ofvanishing E-field must be obeyed. Therefore,
the incident E-field at the antenna terminal E~ must be the opposite of the radiated
E-field at the antenna surface Ez, this yields

Ez(p = a,z') + E~(p = a,z') = O::::} Ez(p = a,z') = -E~(p = a,z'). (4.4)

Subsequently, the power balance of the system will be evaluated. Namely, the power
of the radiated field (Eqs. (4.2) and (4.3)) and the input power at the antenna
terminal must be equal, Prad = Pin. For this power balance we can write

/

1/2 /1/2
Ez(p = a,z')J;(p = a,z')dz' = - E~(p = a,z')J;(p = a,z')dz', (4.5)

-1/2 -1/2

The input power Pin can also be calculated by

(4.6)

where ZA and Jin symbolises the antenna impedance and the input current at the an
tenna terminal, respectively. Isolating ZA in Eq. (4.6) in combination with Eq. (4.5)
yields

1 /1/2
ZA = --I-.-12 J;(p = a,z')Ez(p = a,z')dz'.

Jm -1/2
(4.7)

If the Eqs. (4.1) and (4.3) are substituted into the latter equation we end up with

x

(4.8)

If the maximum current appears at the antenna terminal, then Jm = Jin and the
quotient IJm12/IJinI2 equals one. Likewise, we can isolate the input voltage Vin, this
delivers

1 /1/2
Vin = -y;- J;(p = a,z')Ez(p = a,z')dz'.

in -1/2
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Figure 4.2: Dipole geometry for mutual coupling.

4.2.2 Mutual impedance between two antennas

With the achieved results, we can make a link to the mutual coupling between
antennas, see Figure 4.2. If the electric field Ez in Eq. (4.9) is replaced by E z21 ,

an expression can be defined to compute the voltage at the terminal of an antenna,
caused by the radiated field of another antenna

1 11
2/2V21 = - y;- E z21 (z')li (z')dz'.

in2 -12/2

In this equation E z21 is defined as the electric field on the location of antenna 2,
caused by the radiated field of antenna 1, but in absence of antenna 2. If Eq. (4.3)
is used for E z21 and Eq. (4.1) for li, these expressions can be substituted into
Eq. (4.10), this yields

(4.11)

With this equation, an expression is obtained that can be used to calculate the mu
tual coupling between two antennas. Prom this equation also the mutual impedance
can be determined, by dividing Eq. (4.11) with the current linI at the terminal of
antenna 1, this yields
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Figure 4.3: Equivalent two-port network.

(4.12)

The latter equation is an expression for the mutual impedance, ca1culated at the
terminal of antenna 2. It is possible also to express the mutual impedance with the
current maximum as reference. To realise this, Eq. (4.12) can be translated with a
factor,

When the latter equation is worked out this yields

'TJ /12/2 r l ]
j- sin lk(~ -IZ/I)

41f -12/2 2

[

e- jkRl e-jkR2 (kl l ) e- jkr ] I
x + - 2 cos - -- dz.

RI R2 2 r

(4.13)

(4.14)

The main advantage of this formulation is, that it is not necessary to ca1culate the
currents, before the impedance can be ca1culated. The integral in the latter equation
can be worked out in order to obtain a set of sine and eosine integrals, see [3J.

4.3 The complete system

With the results of the previous section, a set of equations can be formulated to
compute the currents at the terminals of the antennas, if the source voltages are
known. For the ca1culation of the coupling, the antennas and the channel between
them can be represented with an equivalent two-port model, see Figure 4.3. By
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Figure 4.4: Equivalent T-network for the two-wire coupling system.

means of Eqs. (4.8) and (4.12), the following set of equations can be used for the
calculation of the coupling

V1 = Zllh + Z12 12,

V2 = Z21h + Z22 12·

These equations can be written in matrix notation also.

(4.15)

(4.16)

With this matrix equation the input currents of the two dipoles can be solved and
with these currents the coupling of the antenna system can be computed easily.
For Zll and Z22 Eq. (4.8) can be used and Eq. (4.12) for Z12 and Z21. With
these impedances, the equivalent two-port model of the coupling system, can be
determined by a T-network as depicted in Figure 4.4.

4.4 Method of images

The bottom of the test facility can be a very weil conducting plane (OATS and
SAR) or a very weil absorbing plane (FAR). When a very weil conducting plane
is used for the bottom, we can apply the method of images. By this method we
can assume that an antenna above an infinitely large perfectly conducting ground
plane, can be replaced by the antenna and its image, see Figure 4.5. If vertical
polarisation is applied, the current distribution along the image antenna is the same
as the distribution along the original antenna. But when horizontal polarisation
is used, the current distribution along the image antenna is the opposite of the
distribution along the original antenna. This to obey the boundary condition of
vanishing tangential E-field at the ground plane z = 0, see Eq. (4.17). Officially,
this method suposses an infinitely large perfectly conducting ground plane. However,
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Figure 4.5: Current fiow in a dipole above a ground plane and its image, for two
polarisations.

in general the conductivity of the ground plane is large enough to suppose this as
perfect. But the infiuence of the finite dimensions is a future research activity.

n x E = 0l
z=o

(4.17)

The Eqs. (4.11) and (4.14) are derived for calculation of the mutual coupling of
two dipole antennas. For the simulation of the coupling between antennas within a
SAR, the ground plane must be taken into account. With the mentioned method of
images, we can transform the problem to an equivalent problem with four antennas,
two originals and two images. For the calculation of the mutual impedances between
original and image antennas, Eq. (4.14) can be used again, now with other distances
Rl, R2 and r. However, the Z-matrix of the problem can be still a two-by-two
matrix, see Eq. (4.18).

(4.18)

In the vertical setup of the antennas, the extra terms in the latter equation are added
and in the horizontal setup are subtracted. The l' and 2' in Eq. (4.18) symbolises
the image of antenna 1 and antenna 2, respectively, depicted in Figure 4.5.
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4.5 Evaluation

The derived expressions for mutual coupling are the basis of the program CALTS ,
mentioned in section 1.4. The limitation of this analytical approach is the assump
tion of a sinusoidally varying current distribution along the antenna. This is only
exact for infinitesimally thin dipole antennas and working with frequencies close to
the resonance frequency. In addition, the assumption of a sinusoidal current dis
tribution Eq. (4.1) allows only symmetrical current distributions. While we know
that with height differences between antennas, asymmetrical current distributions
can appeal'. If we look at the requirements of a simulation tooI for radiated emission
in section 1.5, we can read that a tooI must be able to simulate realistic antennas
over a wide frequency range. As a consequence of the called restrictions, we can
conclude that the analytical approach cannot satisfy the requirements mentioned in
section 1.5. This is the reason that in the chapters 5 and 6 a numerical approach is
worked out.

4.6 Analytical results as reference

The analytical expressions derived in this chapter are exact at the resonance fre
quency of the dipoles. This means that we can use the results of these expressions
as accurate reference for the validation of the new simulation tooI, only at the
resonance frequency of the dipoles. In CISPR 16-1 [1], the CALTS procedure is
described. This procedure can be used for the calibration of an emission test site
(SAR and OATS). Also a computational examination is described in this procedure,
according to the analytical expressions derived in this chapter. In this document
also tables are enclosed with calculated SA values, for a horizontal dipole config
uration. In Table 4.1 an overview is given of calculated SA values, obtained from
the CISPR 16-1 document and the CALTS program. In this tabIe, hr and ht sym
bolises the height of the receive antenna and transmit antenna, respectively. Small

Freq. [MHz] SA [dB] SA [dB] hr [m] a [mm] l [m]
CISPR 16 CALTS

100 22.97 23.23 4.0 5.0 1.425
200 29.37 29.56 2.0 1.5 0.716
300 32.47 32.71 1.5 1.5 0.476
400 34.90 35.22 1.2 1.5 0.355
600 38.35 38.65 2.0 1.5 0.236
800 40.91 41.25 1.5 1.5 0.176
1000 42.71 43.10 1.2 1.5 0.140

Table 4.1: Calculated SA values, d=10 m, ht =2 m.

differences up to 0.3 dB can be observed between the results obtained from the
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CISPR 16-1 document and the CALTS program. This can be explained by the fact
that the available CALTS version could only calculate the SA with perfectly matched
impedances at the antenna terminals, whereas 100 n impedances are prescribed by
the CISPR 16-1 document. The SA values in Table 4.1 are used as reference for the
validation procedure, discussed in chapter 7.

25



Chapter 5

The coupling between two
non-resonant dipoles

5.1 Introduction

In this chapter, we derive an integral equation formulation of the two-wire coupling
problem. With the integral relation Eq. (3.46), obtained in the previous chap
ter, Pocklington's integro-differential equation for one wire antenna can be derived.
Subsequently, a pair of equations will be derived for the formulation of the two-wire
coupling problem, according to Pocklington's equation. At the end of the chapter,
we pay attention to the modelling of the antenna source.

5.2 Scattering by a perfectly conducting object

Before we start with the derivation of Pocklington's integral equation of a wire, an
analysis of the scattering behaviour of a perfectly conducting body will be mentioned
first. We assume an object with an infinite high conductivity (J ----t 00. The infinite
high conductivity makes the object electric impenetrable. This analysis gives insight
in two basic relations, namely the magnetic and electric field integral equation. The
electric impenetrable object is appointed with the domain V. The exterior domain of
the object is denoted with V. Finally, the boundary between the exterior and interior
domain is denoted with 8V. The exterior domain V is defined as a homogeneous
and lossless dielectric with E = Ea and /-L = /-La. The field scattered by the object is
located in the exterior domain V, see Figure 5.1. This scattered field has no sources
in V, this means that the scattered field must obey the equations

\l x HS(r,s) - SEaR'(r,s) = 0, (5.1 )

(5.2)

if rE V. If Eq. (5.1) is combined with the integral representation Eq. (3.45), we get
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Figure 5.1: Scattering of an electrical impenetrable object.

{ I} S ( ) _ e,s ( )- 1, -2"' ° H r, s - V X AB r, s , (5.3)

for r E {"D, 8"D, "D}. Due to the normal vector n(r), which is pointed into "D, we get
minus signs in the left hand side of the last equation. However, officially Eq. (3.45)
is defined only for a finite domain and "D is not a finite domain. But the exterior
domain "D can be seen as a domain between 8"D and an additional boundary, limited
by T = Too . From Eq. (3.43) we know that for very large distances T ---+ 00 and
Re{,6} 2: 0, the field contribution vanishes for this additional boundary. So, we can
conclude that no problems occur, if the radius of the additional boundary is chosen
sufficiently large.
For a second step, the incident field in the interior domain "D will be considered, if
the electric impenetrable object is absent. The incident field has its sources in the
the exterior domain "D, so we get

(5.4)

(5.5)

(5.6)

when r E"D. According to Eq. (3.45), this delivers the following expression for the
H-field

{o,~, 1}Hi(r, s) = V x A~i(r, s),

for r E {"D, 8"D, "D}. In addition, we can define the boundary condition for an electric
impenetrable object

J7;,i(r, s) + J7;,S(r, s) = Jlt(r, s) = n(r) x E(r, s) = 0,
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(5.8)

if r E av. Where Jm(r, s) denotes an equivalent magnetic current density on the
boundary aD. Subsequently, looking at the complete system, two contributions of
the H-field can be distinguished: an incident H-field Hi(r, s) and an additional H
field caused by the electric currents on the boundary av. The additional H-field is
caused only by electric currents, because the net magnetic current density is zero on
the boundary av, see Eq. (5.7). Combining these contributions yields

{ 1, ~, 0} H (r, s) = H i (r, s) - \7 x A É(r, s),

for r E {V, aD, V}. Likewise Eq. (5.8) for the H-field, for the E-field a similar
expression can be derived, this yields

(5.9)

for r E {V, aD, V}. Final1y, Eq. (5.8) must be translated to a form that is more
appropriate for a numerical implementation. If the tangential magnetic field n x
H (r, s) is known, we can obtain the components normal on av. On the boundary
av, the electric surface current density JÉ(r, s) can be solved with the aid of the
next equation

JÉ(r,s) = n(r) x H(r,s).

If we substitute Eq. (5.8) into the latter equation, this can be rewritten as

JÉ(r, s) + 2n(r) x \7 x AÉ(r, s) = -2n(r) x Hi(r, s).

(5.10)

(5.11)

The latter equation is well-known as the magnetic field integral equation (MFIE).
The MFIE is a boundary type equation, since it pertains to field values on av.
Also a similar integral equation can be obtained for the E-field, considered on the
boundary av, by using Eq. (5.7)

[n(r) x \7]\7. AÉ(r,s) -,~n(r) x AÉ(r,s) = -(sEo)n(r) x Ei(r,s). (5.12)

This equation is well-known as the electric field integral equation (EFIE). Likewise
the MFIE, the EFIE is also a boundary type equation. The derived EFIE is of the
first kind, while the MFIE is of the second kind. An integral equation is of the
first kind, if the unknown variabie is only present under the integral. The MFIE
and the EFIE can be rewritten in another form, for a more suitable numerical
implementation. This can be done by evaluation of the curl term in Eq. (5.11). We
leave this alternative form out of consideration here, but can be found in [18J. The
Numerical Electromagnetics Code (NEC), see section 1.4, uses a form of the EFIE
for thin wires and a form of the MFIE for surfaces, see [5J
In principle, the EFIE can be used for the computation of the currents along wire
antennas. However, the fact that a « L can be used to formulate a simplel' one
dimensional formulation, the reduced form of Pocklington's integral equation.
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Figure 5.2: Scattering of a thin wire.

5.3 Pocklington's integral equations

In this section, we shal! derive the reduced or approximate form of Pocklington's
integral equation. We must consider the scattered field outside the wire antenna for
this derivation, depicted in Figure 5.2. For an efficient computation of this field we
need a good estimation of the boundary vector potential. Equation (3.48) wil! be
used as point of departure

Ai:? = 1 G(R, s)Ji:?(r', s)dr',hl E8D

with G(R, s) the Green's function defined as

e-"IoR

G(R, s) = 47fR '

(5.13)

(5.14)

(5.16)

where 'ro = sleo. In addition, R = Ir - r'l, for all points r' on the wire. The current
density Ji:? in Eq. (5.13) can be approximated by taking only the z-component of
the current into account. According to [18], this is areasonabie estimation. This
total current I (z', s) is defined as

I(z', s) = ai: Jz(z'uz + aup', s)dq;' (5.15)

In other words, the total current I(z', s) is concentrated along the cylinder surface
of the wire, where p = a. The goal is to obtain a simpIe one-dimensional formulation
for the scat tering of a thin wire, using the fact that R »a. For the derivation of
this formulation, we can use the integral relation for the E-field Eq. (3.46) as point
of departure. The vector potential in this relation can be approximated by

jL/2
A(r, s) :::::: UZ G(R, s)I(z', s)dz',

-L/2
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(5.18)

This approximation is well-known as the reduced kemel approximation and holds for
r E D, if R » a for all values -L/2 < z' < L/2. As a consequence, Eq. (5.16) is
suitable almost everywhere in the exterior domain D, for the determination of the
E-field E(r, s) from the known current I(z', s). If we use the approximated vector
potential in the integral relation of Eq. (3.46), this yïelds

séoE;(r,s)= 8z'v· 1 G(R,s)JB(rf,s)dr'
!r'E8V

1'6 1 G(R, s )Jz(z'uz + aup', s )dr'. (5.17)
h-'E8v

The gradient operator 'V is replaced by a 8z operator, because we look at the z
component of the integral relation. The divergence operator 'V. operator is still
present, but can be translated to a 8; operator. This by using the fact that the
divergence operator can be split into a transversal component and az-component
as 'V = 'VT + u z8z , using the 'Vr- yields

i ' ) , i ' aup' 8 ,'VT' G(R,s)JB(r,s dr = JB(r,s).[ '18RG(R,s)dr.
8V 8V r - r

The integral in the latter equation becomes zero, if the radial current at the end faces
is assumed zero Ip(zo, s) = 0, with Zo = -L/2, L/2. Then the integral becomes zero,
due to the fact that JB(r,s) 1. up', so that the inner product between JB(r,s) and
up becomes zero. Accordingly, for the divergence operator only the z-component
8z Uz remains. This delivers for the scattered field of a thin wire

L/2 n

séoE;(zuz,s) = (8;-1'6) r G(z-z',s) r Jz(z'u z +aup"s)ad<jJ'dz'.(5.19)
l-L/2 l-n

The last integral in the right hand side of the latter equation, can be recognised as
the definition of the total current I(z', s) Eq. (5.15). With this definition we end
up with the one-dimensional reduced or approximate form of the integro-differential
equation of Pocklington.

J
L/2

séoE; (zu z, s) = (8; - 1'5) G(z - z', s )I(z', s )dz',
-L/2

with Green's function G(z - z',o5) defined as

e-ioRa
G(z - z', s) = R'

41f a

(5.20)

(5.21)

with Ra = J(z - z')2 + a2. If the wire is excited with a plane wave E~(zuz, s),
then the current along the wire can be calculated. This by using the "null-field"
boundary condition E~(zuz, s) = -E~(zuz, s), we arrive at

jL/2
-séoE~(z,s) = (8; - 1'5) G(z - z',s)I(z',s)dz'.

-L/2
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d

A

Figure 5.3: The two-wire coupling system.

If a delta-gap source is applied to realise an E-field at the antenna terminal, we end
up with the following equation

j L/2

-SEOVgO(Z - Zgap) = (8; - Î6) G(z - Z', s)I(z', s)dz'.
-L/2

(5.23)

In general Zgap is chosen in the middle of the antenna. In section 5.5 more detailed
information is given about the delta-gap source and its limitations. In addition,
in that section will be mentioned how we can implement input impedances at the
antenna terminals.
The approximate form of Pocklington's equation is almost exact. The exact deriva
tion of this form was first published in [15]. Furthermore, also an exact form of
Pocklington's equation can be used, mentioned in [16]. We leave this exact form out
of consideration in this report, because for a « L the approximate form is a very
good estimation.

5.4 Coupling between two Wlres

In the previous section the approximate form of Pocklington's equation is derived.
This equation for one wire antenna, with a delta-gap source in the middle, will be
expanded to a pair of equations in order to describe the two-wire coupling problem.
For this problem two wires are defined. One wire is excited with a voltage by a delta
gap source and the other wire is passive. The wire which is excited with a voltage,
is denoted with wire A and the other one with wire B, see Figure 5.3. Otherwise,
it can be seen in Figure 5.3, that the incident field on wire A is the scattered field
from wire B. This means that the field contribution for an antenna can be split into
two parts. One part is caused by their own current and the other part is caused by
the current of the other antenna. For the field contribution originated from their
own current, we can use Eq. (5.23). This field is denoted with E~ in Eq. (5.24). For
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the field contribution originated from the current of the other antenna, an analysis
is performed to define the scattered field E~ from wire B incident on wire A. This
can be seen in the second term of the left hand side of Eq. (5.24). Applying the
"nuIl-field" condition for both wires delivers

EÀ.(zuz,s) + E~(zuz,s) =-sEoVg8(z-zg),
'--v-"

EB (zu z ,5 )=EA(zuz,s)

for wire A, (5.24)

E1(zuz,s) + EÀ.(zuz,s) =0,
'--v-"

E~ (zu z ,s)=Ek(zuz ,s)

for wire B, (5.25)

(5.26)

(5.27)

where we only look at currents in the z-direction. If we want define the vector
potential from wire B to wire A, also the Green's function GB-tA from wire B to
wire A must be defined. For the distance in the Green's function Ir - r'l also the
distance d between wire A and wire B must be taken into account, this yields for
the free space Green's function

-'OV(Z-Z')2+d2
I e

GB-tA(Z-Z,S) = 41fyl(Z-Z')2+d2

As mentioned above, the SAR and üATS is built up with a ground plane on the
bottoITI. For simulation of radiated emission within a SAR or üATS, this ground
plane must be taken into account, this is mentioned in section 5.4.1. Substituting
Eq. (5.26) into the vector potential delivers

jLB/2

AB-tA(Z,S) = GB-tA(Z,s)IB(z',s)uzdz' ,
-LB/2

where L B symbolises the length of wire B. Now the scattered E-field from wire B
incident on wire A can be computed with

(5.28)

This equation can be denoted in operator notation as

(5.29)

Finalïy, both field budgets can be combined as depicted in Eqs. (5.24) and (5.25) and
we end up with the expressions for the mutual coupling between two wire antennas
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= 0, (5.31)

where LA and LB symbolises the length of antenna A and B, respectively. In
addition, also these expressions can be denoted in operator notation as

KA---+AIA + KB---+AIB = -SfoVg(z - Zg),

KA---+BIA + KB---+BIB = O.

(5.32)

(5.33)

Also a matrix notation can be used for the latter equations, this delivers the two
by-two matrix for the two-wire coupling system

(5.34)

5.4.1 Green's function with a ground plane (SAR)

When radiated emission measurements within a SAR or üATS test facility will be
simulated, also the ground plane in these facilities must be taken into account. If
we assume an infinite large and perfectly conducting ground plane, the method of
images can be used, mentioned in section 4.4. By this method the contribution of the
original and the image antenna both will be added or subtracted, what depends on
the polarisation. The contribution of the antennas can be implemented by rewriting
the Green's function as given below

(5.35)

(5.36)

(5.37)

where A' and B' denotes the images of the wires A and B, respectively. The sub
script free in the latter equations stands for the free space Green's functions, where
Eqs. (5.21) and (5.26) can be used for. The additional terms from the images will
be added if vertical polarisation is used and subtracted if horizontal polarisation
is used. This is analogous to the mentioned method of images in section 4.4. All
Green's functions for both polarisations can be found in Appendix B.
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5.4.2 Green's function with height scan

For radiated emission meaSUfements also a height scan must be performed, to find
the maximum signal transfer for each frequency. If the height of the receive antenna
will be changed, the Green's function changes also. The contribution of the height
scan again depends on the polarisation. For the horizontal case without ground
plane the Green's function is defined as follows

e-')'0J (z -z') 2+d2+offset2

GB-+A(Z-Z',S) = ,
41fV(Z - z')2 + á2 + offset2

where the offset is defined as the height difference

offset = HA - HEl

(5.38)

(5.39)

where HA and HE symbolises the height of antenna A and B, respectively. This
means for the height scan that HE is varied. For the other cases, the Green's function
can be found in Appendix B.

5.5 Souree modelling

5.5.1 Delta-gap source

The delta-gap SOUfce is the most simple construction for the definition of the input
voltage at the antenna terminal. The delta-gap SOUfce is defined as

(5.40)

for 0 ~ p' ~ a. In addition, if the limit is taken for 8 J. 0, Ez becomes

(5.41)

If this source model is implemented numerically, the input voltage Vg must be divided
by the gap size. Namely, for the numerical implementation of the two-wire system
in the next chapter, the wires will be divided into subdomains. The sample points
are located in the middle of these subdomains. As a consequence, the gap size wîll
be the same as the grid size 6.z. In addition, the gap is located mostly in the middle
of the transmit antenna. So the numerical model for the delta-gap SOUfce can be
defined as follows

E - Vgl
z - 6.z. _ 6. <z< 6.

2 - - 2
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Figure 5.4: Numerical instability around the gap (z=O), due to the delta-gap source,
L=lm, a=O.Olm, F=150MHz and 199 sample points.

In this equation we recognised the wel!-known expression for the electrostatic- or
homogeneous E-field. Because for both situations the term -sAe (r, s) vanishes in
Eq. (3.36), this yields

dV
E(r,s) = -V1J(r,s) => Ez(z) =-d; (5.43)

Because in this situation the q;(r, s) can only be the electric potential V. In the
Eqs. (5.42) and (5.43), the problem of the delta-gap source can be seen, because
two conflicting requirements must be obeyed. At first, the ,é,z must be chosen very
smal! in order to obey the requirement that the E-field must be homogeneous. On
the other hand, a singular behaviour of the numerical model of the delta-gap can be
noticed in Eq. (5.42), if ,é,z t O. From the Dirac function excitation can be said that
it is not conform the operator. However, there are three opportunities to prevent or
to reduce this problem. At first, to take the gap size not too smal!. Because mostly,
the gap can be taken smal! enough so that Eq. (5.43) is valid, without problems
with the delta-gap occur. In other words, the gap size ,é,z must be chosen not finer
than necessary. Secondly, we can choose another excitation form, e.g. a magnetic
fril! generator. Information about this magnetic fril! can be found in [17]. A third
opportunity to reduce the problem described above, is to spread the voltage out
over some sample points. This method is implemented within Berber. Particularly,
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when computations will be performed where only the input current of an antenna
is used, care should be taken. Because, if the f:::.z is chosen too small, numerical
instability causes errors namely in the middle of the wire around the gap, depicted
in Figure 5.4. This location is just very important for the calculation of the input
impedance or the coupling between antennas. However, for the calculation of the
SA the problem sketched in this section delivers no trouble, because only the current
at the receive antenna is used for this calculation.

5.5.2 Impedances at the terminals

In section C, it is mentioned that only a realist ic SA (Site Attenuation) can be
calculated, if impedances are connected at the terminals of the antennas. How
ever, looking at Figure 5.3, we can see that only a delta-gap voltage source Vg is
placed direct at the terminal of the transmit antenna, without an input impedance.
For the calculation of the SA with impedances at the terminals, the derived cou
pling system (Eqs. (5.30) and (5.31)) can remain the same. The infiuence of ex
temal impedances at the terminals, can be analysed after the existing two-wire
system is solved. Namely, the system with only the delta-gap source and no exter
nal impedances, yields the antenna input impedance ZA of wire A, by calculating
the current. With this antenna impedance ZA, a virtual generator voltage Vgen can
be calculated by the definition of extemal impedances, depicted in Figure 5.5.

IA

Zgen.

~cn. V'I ZA

Figure 5.5: Equivalent transmit antenna circuit, wire A.

In addition, the SA can be calculated with the use of this virtual generator voltage
Vgen , this voltage can be calculated as follows

Vgen = Vg +IAZgen .
'-v-"
ZAIA

The SA is defined by Eq. (2.1)

v:SA = Tthrough

Vrantennas
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If we assume that the load and generator impedance are the same, the through signal
'11 b Tl" - Vgen

Wl e Vrthrough - 2 .

The receive antenna circuit, which contains a load impedance ZL, can be analysed
as a simple parallel network, see Figure 5.6. As first step the equivalent Thevenin
circuit is depicted in Figure 5.6 A. Where the voltage source represents the coupling
from wire A to wire B, by using the mutual impedance Z12. Secondly, this Thevenin
equivalent can be transformed to a Norton equivalent, depicted in Figure 5.6 B. In
this figure the flow of the current source is the same as the current I B in a short
circuit configuration of wire B, where ZL = O. This current is obtained from the
simulation of the original configuration using Eqs. (5.30) and (5.31) and depicted in
Figure 5.3. As a consequence, the antenna signal is equal to

v, - l' (Z j jZ ) - l' ZB Z L
rantennas - BBL - B ZB + ZL' (5.46)

where Ik stands for the current IB in a short circuit configuration of wire B. The
impedance ZB is equal to the known ZA, if and only if the dipoles are equal and
positioned at the same height above the ground plane. For this study the coupling
between two equal dipoles are considered. Hence, the assumption that ZB = ZA
can be applied.

Ia Is

Z22=ZB

IAZI2 V, I ZL I~ = IA Z l2 t ZB V,I ZL
Zn

A B

Figure 5.6: (A) Equivalent Thevenin circuit wire B, (B) Equivalent Norton circuit
wire B.

5.6 Evaluation

At the end of this chapter, we evaluate the derived expressions Eqs. (5.30) and (5.31)
for the calculation of the coupling between two non-resonant dipole antennas. The
expressions derived in this chapter are suitable for the computation of wires with ar
bitrary radii. The only object ion is the underlying approximation of Eq. (5.16). This
approximation breaks down for R = O(a). This means for the Eqs. (5.30) and (5.31)
that the approximation breaks down only, if the distance d between the antennas is
of O(a) or closer. Another approximation is that the distance d is defined as the
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distance between the central axes of the wires. This while the assumption is used
that the current fiows only through the surface of the wire, where p = a. Both
approximations are good if R » a, what is the case by practice radiated emission
measurements. This approach contains no limitations for the simulation over a wide
frequency band. Summarising, we have obtained a set of equations, which satisfy the
requirements, mentioned in section 1.5. Namely, that it must be possible to perform
simulations with realist ic antennas over a wide frequency band. Subsequently, in
the following chapter the derived expressions Eqs. (5.30) and (5.31) will be applied
for the numerical implementation.
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Chapter 6

Numerical implementation

6.1 Introduction

The numerical implementation of the two-wire system will be discussed in this chap
ter. The MoM (Method of Moments) is chosen in order to obtain a numerical imple
mentation. According to the MoM, we start with a segmentation of the wires and
define sample points along the wires. Subsequently, the expressions can be rewrit
ten with the aid of expansion and testing functions, the discretisation procedure.
For the rest, the self term Green's îunctions must be weakened to prevent singular
behaviour. Finally, at the end of the chapter, the conjugate-gradient FFT method
is c1arified and used to solve the numerical scheme of the two-wire system.

6.2 Discretisation procedure

In the last chapter two expressions Eqs. (5.30) and (5.31) are derived to analyse the
transfer between two wires. We use these expressions as starting point

j'LA/2
GA-tA (z - z', 5 )IA (z', 5 )dz'

-LA/2

+ jLB/2 GB-tA(Z - z', 5)18(Z', 5)dZ']
-LB/2

[ j

LA/2
GA---.B(Z - z', 5 )IA (z', 5 )dz'

-LA/2

+ j'LB/2 GB---.B(Z _ z', 5)IB(Z', 5)dZ']
-LB/2

These expressions can be rewritten as
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Figure 6.1: Discretisation of the wire.

(8; -/~)[AA-+A(Z,s) + AB-+A(Z, sj]

(8; -/~)[AA-+B(Z,s) + AB-+B(Z, sj]

-StoVgO(Z - Zg),

o.
(6.3)

(6.4)

For the conjugate-gradient FFT method, we make use from the fact that A(z, s)
is the convolution of G(z, s) and I(z, sj. However, before we use this fact, the last
expressions will be expanded with the aid of expansion or basis functions 'l/J(z).
Otherwise, after this expansion the expressions are tested with the aid of weighting
or testing functions q;(z). Before the expressions can be expanded and tested, the
wires are divided into MA,B - 1 subdomains, depicted in Figure 6.1. The sample
points are defined as points on the wire in the middle of the subdomains. The grid
size of the created mesh is 6.z = LA,B/(MA,B - 1). The currents along the wires
are calculated in these sample points. This yields for the vector potential

M A -l

L AA-+A,B-+A,m'l/Jm(Z) ,
m=l

M B -l

L AA-+B,B-+B,m'l/Jm(Z),
m=l

Z E DB,

(6.5 )

(6.6)

where the tilde ~ denotes that we have achieved an expanded form. This expansion
procedure is in the literature known as the method of Rayleigh-Ritz, see [9] and [13].
The method of Rayleigh-Ritz is applicable when a suitable functional exist. In cases
where such a functional cannot be found, we apply one of the techniques collectively
referred to as the method of weighted residuals. This method is more general than
only the Rayleigh-Ritz method, because it is not limited to a class of problems. In
the weighted residual method, the weighting functions q;(z) are chosen so that the
integral of the weighted residual error r = L(Ä - A) becomes zero, as follows

Or

Jq;(z)r(z)dz = 0,

(q;(z), r(z)) = O.
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In other words, the residual error r(z) is weighted to zero. The choice, which expan
sion and testing functions are most suitable for this two-wire coupling problem, is
mentioned in section 6.3. When Eqs. (6.3) and (6.4) are tested with testing functions
cP(z), we end up with

15 r cPn(z) [AA--+A(Z, s) + AB--+A(Z, s)]dz-
}zEVA

r <Pn(Z)O;[AA--+A(Z, s) + AB--+A(Z, s)]dz = -SEOcPn(Zg)Vg, (6.9)
}ZEV A

15 r cPn(Z)[AA--+B(Z, s) + AB--+B(Z, s)]dz-
JZEVB

1 cPn(Z)O;[AA--+B(Z, s) + AB--+B(Z, s)]dz = O. (6.10)
zEVB

In addition, if the product rule for differentiation and partial integration is used, the
latter equations can be rewritten as

15 r cPn(Z)[AA--+A(Z,s)+AB--+A(Z,s)]dz-
JZEV A

r OzcPn(Z)Oz[AA--+A(Z, s) + AB--+A(Z, s)]dz = -SEOcPn(Zg)Vg, (6.11)
}ZEV A

15 r cPn(Z)[AA--+B(Z, s) + AB--+B(Z, s)]dz-
JZEVB

r OzcPn(Z)Oz[AA--+B(Z, s) + AB--+B(Z, s)]dz = O. (6.12)
}ZEVB

Substituting Eqs. (6.5) and (6.6) into the latter equations and interchanging the
order of summation and integratîon, yields
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Mfl ÄA---7B,m [r oz'l/Jm(z)OzcPn(z)dz -,5 r 'l/Jm(z)cPn(Z)dz] +
m=l JzEDB JZEDB

MB-l

L ÄB---7B,m [r oz'l/Jm(Z)OzcPn(z)dz -,5 r 'l/Jm(z)cPn(z)dz] = 0
m=l JzEDB ./ZEDB

n = 1, ... , MB, (6.14)

The latter equations can be written more orderly as

where

MA-l

L [Ä A---7A,m + ÄB---7A,m] [Wm,n - ,5Vm ,n]
m=l

MB-l

L [Ä A---7B,m + ÄB---7B,m] [Wm,n - '5Vm ,n]
m=l

n = 1, ... ,MA,

0,

n =1, ... ,MB,

(6.15)

(6.16)

Vm,n r 'l/Jm(z)cPn(z)dz,
'/ZE{DA,7JB}

wm,n = r oz'l/Jm(z)ozcPn(z)dz.
'/zE{DA,DB}

(6.17)

(6.18)

With the achieved discretized expressions Eqs. (6.15) and (6.16), the two-wire cou
pling system can be solved numerically.

6.3 Expansion and testing functions

Now we have achieved Eqs. (6.15) and (6.16), a choice must be made for the ex
pansion and testing functions. The expansion functions can be chosen the same as
the testing functions 'l/J(z) = cP(z). This approach is called Galerkin's method. For a
good numerical implementation, the expansion and testing functions must comply
some requirements:

• The partial derivative oz'l/Jm (z) exist and is piecewise constant;

• Eqs. (6.17) and (6.18) must be solved easily.

For two- and three-dimensional bodies there is also the requirement that 'l/Jm (z)
vanishes for z E oD, but this is not operative for the one-dimensional two-wire
system. At first, we shall consider the must usual expansion or testing functions.
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(A) (B)

L ~
L\ ~

Zm-l Zm Zm+l Zm-l Zm Zm+l

(C) (D)

Figure 6.2: Subdomain delta funetion (A), pulse funetion (B), triangle funetion (C)
and trigonometrie funetion (D).

1. Delta functions

1jJ(z) = J(z), zE (- L/2,L/2)

2. Pulse funetions

~(z) ~U_6z < z < 6z
22)

[zl = ~z,

elsewhere.

3. Triangle functions

{ 1- M -!:1z < z < !:1z,
1jJ(z) = 0 6z

elsewhere.

4. Trigonometrie funetions

1jJ (z) = { ~os ( 2~z )
-!:1z < z < !:1z,
elsewhere.

(6.19)

(6.20)

(6.21)

(6.22)

We can choose one of these subdomain functions for the expansion and testing of
the two-wire coupling system. We must keep in mind the mentioned requirements
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for the choice. The first requirement, that the partial derivative 8z'ljJm (z) exist and
is piecewise constant, causes that the delta- and pulse functions cannot be satisfy.
Because there are still delta functions present in the derivative. The derivative of
a triangle function is a piecewise constant function. This means that the triangle
function obeys the first requirement. Also the trigonometrie function obeys the first
requirement, because the derivative is a trigonometrie function again. However, from
the view of simplicity we choose the triangle function as the subdomain expansion
and testing function.

6.4 The discretized coupling problem

With the triangle function Eq. (6.21) as particular choice for the expansion and
testing functions, the Eqs. (6.17) and (6.18) can be solved analytically, this yields

Vm,n

Wm,n

(6.23)

(6.24)

If these equations are substituted into Eqs. (6.15) and (6.16), we obtain the dis
cretized relations for the two-wire coupling system, as follows

0,

3

I)dkÄA-tA,n+k-2 + dk ÄB-tA,n+k-2]
k=l

3

I)dkÄA-tB,n+k-2 + dk ÄB-tB,n+k-2]
k=l

where dk is defined as

dk = W2,k - i5v2,k'

In addition, cSZm,Zg symbolises the Kronecker delta, which is defined as

(6.25)

(6.26)

(6.27)

(6.28)cS = {1 if m = n,
m,n ° if m i- n.

When very thin wires are used, a -+ 0, the self term Green's function's Eq. (5.21)
exhibits some singular behaviour. To circumvented this singular behaviour, it is very
useful that the two-wire coupling system Eqs. (6.25) and (6.26) will be weakened.
Because of the cylindrical form of the wires, the cylindrical mean of Green's function
can be introduced for the weakening procedure, this yields

Jzm+CJ.Z/2 r27r ra G(r + r" s) "d "dq;"dz"
[G](r s) = zm-CJ.z/2 Jo Jo ' P P

, JZ m+CJ.z/2 r27r ra "d "d"'''dz''
zm-CJ.z/2 Jo Jo P P 'f'
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However, we have derived a model where only a current I(z, s) is present. This is
the reason that it is enough to take the mean only in the z-direction, this delivers a
simpier relation

1 lzm+6z/2
[GJ(r, s) = ---;;:- G(zm + z")dz".

z zm-6z / 2
(6.30)

With this weak form of Green's functions we end up with the weakened two-wire
system

3

L[dk [Ä]A-tA,n+k-2 + d kÄ B-tA,n+k-2] -SEOVg6zm ,Zg,

k=l

3

L[dkÄA-tB,n+k-2 + dk[Ä]B-tB,n+k-2] = 0,
k=l

(6.31)

(6.32)

where the cylindrical mean of A is denoted with [A]. Only the self term Green's
functions G A-tA and G8-t8 are weakened, because the cross terms GA-tB and G 8-tA

exhibit no singular behaviour.

6.5 Solving the linear system

In the lat ter section, we have obtained a pair of equations that can be used for the
numerical implementation. The following step is that the system must be solved.
The equations have the following linear form

Lu = v, (6.33)

where urepresents the current on the wires and v denotes the voltage. In order
to solve the linear system, two approaches can be distinguished, namely matrix
operation methods and iterative methods.
In this matrix-operation approach a lot of methods are developed in history. A well
known method to solve the linear system is LU-decomposition. NEe and Berber,
mentioned in section 1.4, are tools which use this method. The computation time
of LU-decomposition is of O(N3 ).

Subsequently, an iterative solver can be used to solve the system of Eq. (6.33).
Also for this approach a lot of methods are available. However, one well-examined
and much used method is the conjugate-gradient solver. As mentioned earlier the
conjugate-gradient FFT method can be used for the two-wire coupling system. This
method combines the conjugate-gradient solver as core, with the fact that the vector
potential is the convolution of the Green 's function and the current, as follows

A(r,s) = r G(z-z',s)I(z',s)dz'.
Jz1EV
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Now we can use the in section 3.2.3 mentioned convolution theorem by using an one
dimensional DFT (Discrete Fourier Transform) algorithm. Performing this DFT we
end up with

A(k, s) = G(k, s)Î(k, s).

The forward DFT algorithm is defined as

N-l

In = L fme21rjnm/N,

m=O

where n = 0, ... 1 N - 1. The backward- or inverse DFT is defined as

N-l

fm = ~ L Ine-21rjnm/N.

n=O

(6.35)

(6.36)

(6.37)

If the number of points N is a power of 2, an efficient FFT (Fast Fourier Transform)
algorithm can be used to compute the DFT. For the calculation of the conjugate
gradient scheme we need some definitions known from linear algebra. So, we can
define the inner product in a domain V as follows

(j(r),g(r)) = 1 f(r)g*(r)dr.
rED

In addition, the norm of a variabIe is defined as

Ilfll = AJ:7).

(6.38)

(6.39)

Finally, the last parameter, which is necessary for the conjugate-gradient, is the
adjoint operator Lt. This adjoint operator is defined as the operator, which obeys

(Lf, g) = (j, Ltg). (6.40)

When the iterative solver must be started, we need an initial value for the unknown
current. For this initial value we choose u(O) = O. As a consequence, the residual
error is r(O) = v for n = O. With this information we can formulate the conjugate
gradient iterative scheme, as follows

u(n) = u(n-l) + oJn)w(n) ,

r(n) = r(n-l) _ a(n) Lw(n) ,

w(n) = Ltr(n-l) + IILtr (n-l)11
2
w(n-l)

IILtr(n-2)112 '

IILt r (n-l)11 2
a (n) = -'-'---_---,---,---'-'-

IILw(n)11 2
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The computation time of the conjugate-gradient FFT method is of order O(NlogN),
due to the FFT computations. In order to avoid aliasing by the application of the
FFT, Nyquist criterion must be fulfilled. This means that the number of points
must be chosen at least twice the number of sample points, so N 2: 2MA ,B. Zero
padding is used for points outside the wire Zm < -L/2 and Zm > L/2. More detailed
information about the conjugate-gradient solver can be found in [21] and [22].

6.6 Determination of the operators Land Lt

In this section the operators Land L t will be established to use those in the derived
numerical scheme Eqs. (6.41) - (6.44). For the linear operator L in

Lu = v,

the convolution will be defined with the aid of the DFT, as follows

(6.45)

AA--+A TRMA [DFTN1 {DFTN{GA--+A}DFTN{IA} }], (6.46)

AB--+A TRMA [DFTN1
{ DFTN{G B--+A} DFTN{IB} }], (6.47)

AA--+B TRMB [DFTN1{DFTN{ GA--+A}DFTN{IA} }], (6.48)

AB--+B TRMB [DFTÏ/{ DFTN{GA--+A}DFTN{IB}}] ' (6.49)

where TRN denotes the truncation of the MA,B points on the wires. However, not
only the operator L is needed, but also the adjoint operator L t, which is defined as

(Lu,J) = (u,LtJ), (6.50)

where f is an arbitrary discrete function. If this is compared with Eq. (6.45), this
leads to

which is defined as follows

3

~rnA = L [d'kQ,4,--+A,m+k-2 + d'kQB--+A,m+k-2]'
k=l

3

~mB = L [d'kQA--+B,m+k-2 + d'kQB--+B,m+k-2] '
k=l

where
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QA--+A TRMA [DFTr/{ DFTN{GA--+A}DFTN{IÀJ}] , (6.54)

QB--+A TRMA [DFTN
1

{ DFTN{GS--+A}DFTN{IÈ}}] , (6.55)

QA--+B TRMB [DFTN
1

{ DFTN{GA--+A}DFTN{IÀ}}] , (6.56)

QB--+B TRMB [DFTN1
{ DFTN{GA--+A}DFTN{IÈ}}]. (6.57)

With this set of equations the operator Land the adjoint operator L t are determined.
Now we have finished the derivation of the numerical implementation of the two-wire
system. The Eqs. (6.31) and (6.32) in combination with Eqs. (6.41) - (6.44) are used
for the development of the program Emission. This program is also provided with a
shell, likewise the EMC simulation shell mentioned in section C. This program will
be compared with the other simulation tools, mentioned in section 1.4. Finally, in
the next chapter the results are mentioned of the validation measurements. These
measurements are performed to examine which tooI can be used for an accurate
simulation of radiated emission measurements.
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Chapter 7

Validation results

7.1 Introduction

In this chapter, the results of the measurements will be diseussed, which are per
formed for the validation of the simulation results. This validation consists of three
aspects. The first aspect is whether the simulation tools can predict the coupling
between two non-resonant dipole antennas, with and without a height scan. The
seeond aspect of the examination is the variation of the SA, when some geometrical
parameters are varied, the parameter variation studies. Finally, the third aspect is
the examination of the coupling between a monopole antenna above a small ground
plane and a dipole antenna.

7.2 Comparison of simulation tools

Before we compare the measurement results with those of the simulations, it is useful
to eompare the results of the different simulation tools first. We start with a two
dipole eonfiguration and examine the current distribution along the receive antenna.
The length of both the receive and transmit antenna is LA = LB = 1 mand the
distance between them is d = 1 m. The radius of both dipoles is taken a = 1 cm. At
first, we look at a configuration without ground plane and the height of the antennas
is HA = HB = 1 m. The result of this simulation is depicted in Figure 7.1, where a
frequency of F = 300 MHz is used. Subsequently, we look at a eonfiguration where
an offset of 0.25 m is present between the heights of the antennas and in the presenee
of a ground plane. The height of the transmit antenna is chosen to be HA = 1.25 m.
The other parameters are the same as for the first configuration. The simulation
result of this configuration is depicted in Figure 7.2. In Figure 7.1 we ean see that
the ealculated current distribution along the reeeive antenna, obtained from Berber,
NEe and Emission, agree very weU. However, in Figure 7.2 small differences can
be observed. However, for SA-calculations, only the current at the terminal (z = 0)
of the receive antenna will be used. At this loeation, the ealculated currents of the
three simulation tools are equal.
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Figure 7.1: Current receive antenna without ground plane, LA = L E = lm, d = lm,
a = O.Olm, HA = HE = lm and F = 300MHz.
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Figure 7.2: Current receive antenna with ground plane, LA = L E = lm, d = lm,
a = O.Olm, HA = 1.25m, HE = lm and F = 300MHz.
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Freq. [MHz] SA [dB] SA [dB] SA [dB] SA [dB] SA [dB]
CISPR 16 CALTS Berber NEC Emission

100 22.97 23.23 22.92 22.93 22.95
200 29.37 29.56 29.37 29.36 29.37
300 32.47 32.71 32.45 32.40 32.41
400 34.90 35.22 34.89 34.85 34.87
600 38.35 38.65 38.30 38.26 38.28
800 40.91 41.25 40.88 40.83 40.83
1000 42.71 43.10 42.70 42.62 42.62

Table 7.1: Calculated SA values for two dipoles at resonance.

Furthermore, we can compare the calculated SA values at the resonance fre
quency of the dipole antennas. For this examination, we can use the analytical
references mentioned in section 4.6 on page 24. The calculated SA values are shown
in Table 7.1. It is observed that the results of the tools are very similar in this
resonance situation. Information about the configurations can be found in Table 4.1
on page 24. The small differences between the results obtained from CALTS and
CISPR 16-1 were explained in section 4.6 as weU.

7.3 Description of the measurements

In this section the measurement configurations and procedures are mentioned. These
measurements are performed at three locations, see Table 7.2

I 1ocationI Company

Semi anechoic chamber P hilips Research Eindhoven
Semi anechoic chamber Philips Medical Systems Best
Open area test site National Aerospace Lab. NLR Marknesse

I Test facility type

Table 7.2: Locations of performed measurements.

The main difference between the SAR in Best and in Eindhoven is the larger dimen
sions of the SAR in Best. As mentioned in section 1.6, the electric dipole antenna is
chosen for the first test configuration. The precision reference dipoles of Seibersdorf
are used for the measurements, depicted in Figure 7.3. For the assessment of the
measurement uncertainties, the tests are repeated at the three test facilities, given
in Table 7.2. The spectrum analyser HP8951 is used for both the generation of the
transmit signal and for the detection of the receive signal. The transmit signal is
generated by the internal tracking generator of the analyser. The uncertainty of the
analyser is 1 dB. Besides this, measurement uncertainties can be expected byeffects
caused by imperfections of the chamber or test facility.
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Figure 7.3: Seibersdorf precision dipole with balun.

Coupling between two dipoles

For the first test, the coupling between two equal dipoles, at the same height of 1m,
is measured. It is useful to perform validation measurements with two polarisations,
horizontal and vertical. In this report we look only at the coupling between antennas
with resonance frequencies of 100 MHz and 800 MHz. The tests, using the 100 MHz
dipoles, are performed in the frequency range from 20 to 400 MHz and the tests,
using the 800 MHz dipoles, are performed in the range from 20 to 1020 MHz.

Coupling between two dipoles, with height scan

For this measurement a height scan is performed as weU, see Figure 7.4. This means
that the receive antenna is scanned in height from 1 to 4 m. The height of the trans
mit antenna is still 1 m. During this scan the frequency is varied, within the same
ranges as mentioned above. For each frequency the maximum signal must be saved,
with the aid of the max-hold function of the spectrum analyser. This procedure is
the same as for actual radiated emission measurements in practice. Also for this
measurement both horizontal and vertical polarisation is examined.

Measurements for the parameter study

As mentioned in section 1.5, parameter variation studies must be performed in order
to gain insight in the variation of the SA, when some geometrical parameters are
varied. Such a parameter study is useful to gain insight in the measurement uncer
tainties, due to geometrical parameter such as position and height of antennas. Two
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Figure 7.4: Height scanning mast with receive antenna.

geometrical parameters are examined for this study. Namely, the distance between
the antennas and the height of the transmit antenna. For the parameter study no
height scan is performed.

Coupling between dipole and monopole

As mentioned in section 1.3, Philips Research has initiated a RRT (Round Robin
Test). One part of this RRT is a monopole above a small conducting plane. The
length of the monopole antenna is L = 1.96 mand the surface of the small ground
plane is Aplane = 35.8 cm x 33 cm. It is interesting to take this RRT in the validation
series as well, because this project is initiated especially for the establishment of
uncertainty factors. The original RRT is performed with a broadband biconical
receive antenna. However, the modelling of a biconical antenna is complex. Hence,
from the view of simplicity, it is interesting to do measurements with a dipole as
receive antenna. For these measurements only vertical polarisation is useful. This
test configuration is measured within the frequency range from 30 to 300 MHz.
Finally, the measurements for this test configuration are performed only with a
height scanning receive antenna.
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7.4 Measurement results

Two dipoles with and without height scan

The results of the two-dipole test configuration are depicted in the Figures 7.5
7.13. An overview of the results is given in Table 7.3 below. The mean value of the
measurement results, obtained from the three test facilities, is used for the assess
ment of the measurement results. Furthermore, errorbars are used to indicate the
measurement uncertainties. The errorbars used is this thesis represent the maximum
and minimum measured SA value, for each frequency. In Table 7.3, f:l.SA is used as
a parameter for the difference between the measured SA and the simulated SA, in
relatively flat parts of the SA curves and with the SNR (Signal to Noise Ratio) suf
ficiently large. In other words, differences of local peaks are not taken into account
for this f:l.SA. Consequently, in order to be sure that the SNR is sufficiently large,
SA values above 40 dB wiU not be considered. For example, f:l.SA=±3 dB, for the
horizontal results obtained from Best at F=200 MHz, see Figure 7.5.
In the Figures 7.7 - 7.10 the results of the coupling between two 100 MHz dipoles
with height scan are depicted for horizontal and vertical polarisation, respectively.
We ean see in these results that the difference between the mean measurement re
sults and the simulation results is less than ±3 dB. In addition, we can observe
in these figures, that radio emission is present in Marknesse, originated from the
27 MHz amateurs band. Subsequently, we ean see a remarkable result in the Fig
ures 7.6 and 7.9. Namely, that the curve of the results of the vertieal configuration
obtained in Marknesse, eontains a significant deviation around 300 MHz. This effect
is explained further on in this chapter.
In the Figures 7.11 - 7.13 the results can be found of the eoupling between two
800 MHz dipoles without and with height scan, respectively. We can see that the
height scan smooths the SA curves obtained from measurements performed without
a height scan. For example, in Figure 7.11 we can see that peaks ean cause local
differences between simulation and measurement results up to ±1O dB. However,
if a height scan is performed, the difference between simulation and measurement
results is less than ±3 dB, depicted in Figure 7.12.

Dipoles Height Polari- Figure(s) f:l.SA f:l.SA f:l.SA f:l.SA
resonant at scan sation Eindh. Best Markn. Mean

100 MHz No Hor. 7.5 5 dB 3 dB 3 dB -

100 MHz No Ver. 7.6 6 dB 3 dB 3 dB -

100 MHz Yes Hor. 7.7 and 7.8 4 dB 3 dB 3 dB 2 dB
100 MHz Yes Ver. 7.9 and 7.10 6 dB 3 dB 3 dB 3 dB
800 MHz No Hor. 7.11 - 3 dB 6 dB -

800 MHz Yes Hor. 7.12 and 7.13 - 3 dB 3 dB 3 dB

Table 7.3: Deviation between calculated and measured SA.
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Parameter studies

In this part the results of the parameter studies are discussed. These studies are
performed to gain insight in the uncertainties, due to geometrical toleranees in the
setup of a radiated emission test. The results of the distance variation studies are
depicted in the Figures 7.14 - 7.17 and the results of the height variation are depicted
in the Figures 7.18 - 7.21. A height scan is not performed for this parameter study.
The SA variation <5SA for different configurations, because of distance and height
variation, is depicted in the Tables 7.4 and 7.5, respectively. Also for this <5SA, only
SA values under 40 dB are taken into consideration, located in relatively fiat parts
of the SA curve.

Dipoles. Distance Polari Figures <5SAsim. <5SA meas.

resonant at step sation

100 MHz 20 cm Hor. 7.14 1 dB 1 dB
100 MHz 20 cm Ver. 7.15 1 dB 1 dB
800 MHz 20 cm Hor. 7.16 4 dB 3 dB
800 MHz 20 cm Ver. 7.17 2 dB 2 dB

Table 7.4: Simulated and measured <5SA, due to distance variation.

Dipoles Height Polari- Figures <5SAsim. <5SAmeas.

resonant at step HA sation

100 MHz 5cm Hor. 7.18 and 7.19 1 dB 1 dB
100 MHz 5cm Ver. 7.20 and 7.21 1 dB 1 dB
800 MHz 5cm Ver. - 2 dB 2 dB
800 MHz 5cm Ver. - 2 dB 2 dB

Table 7.5: Simulated and measured <5SA, due to height variation.

We can conclude that the simulation tooI is very useful to predict changes in the SA,
when the height of the transmit antenna or the distance between the antennas is
varied. In Figure 7.16 we can see that the shift of peaks are predicted very weU also.
Summarising, in the Figures 7.14 - 7.21 we can see that the SA variation is relatively
smaU for the 100 MHz dipole configuration, i.e., <5SA=1 dB, due to a 20 cm distance
variation or a 5 cm height variation. For the 800 MHz dipole configuration, a SA
variation <5SA=2 dB is observed, due to a 20 cm distance variation or a 5 cm height
variation.

Coupling between dipole and monopole

As mentioned in section 1.6, as a final step in this research, we look at the coupling
between a dipole antenna and a monopole above a smaU ground plane. The results
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of the measurements and simulation of this test configuration are depicted in Fig
ure 7.22. Also for this test configuration a plot is enc10sed with errorbars, depicted
in Figure 7.23. In this figure the mean of the measurement results, obtained from
two test facilities, is depicted as weU. As a consequence, in this figure can be seen
that the difference between the mean measurement results and the simulation results
is about 3 dB.

Influence of the mast and cables

As mentioned above, a significant deviation around 300 MHz can be remarked, in
the SA curve of the vertical polarised configuration, obtained from the üATS test
facility in Marknesse, see Figure 7.6. Hence, some simulations are performed to
investigate the influence of the wooden height scanning mast and the cables for the
connection with the analyser, respectively. This investigation can be divided into
three steps, namely simulation of two dipoles, simulation of two dipoles with two
additional vertical wires and simulation of two dipoles with the same two wires and
a mast. The dipoles for this investigation have a length of L = 1.4 mand a radius
of a = 9 mmo In addition, the dipoles are placed 1 m above the ground plane. The
additional wires are placed 90 cm behind the dipoles and 1 cm above the ground
plane with a length of L = 70 cm and a radius of a = 9 mmo Subsequently, the mast
for the height scanning of the receive antenna is simulated by placing a wire, with a
radius of a = 10 cm and with a conductivity of (J' = 10 Slm, 45 cm behind the receive
antenna. In Figure 7.24 the results of this investigation are depicted. Surprisingly,
differences up to 4 dB can be observed. Moreover , especially around 300MHz a peak
arises in the SA curve, due to the mast. This is not an exact c1arification of the peak
in the SA curve obtained from the üATS. However, it demonstrates that different
materials used for the mast as weU as for the EUT table and the tripods can create
considerable differences in the results. Finally, ambiguous routing of antenna cables
can create considerable differences in the results as weIl.

7.5 Evaluation of the validation

In this section a capability assessment is performed of the examined numerical sim
ulation tools: Berber, NEC and Emission. At first, we have confidence in the sim
ulation results, because the results obtained from NEC, Berber and Emission are
very similar. Also a very weU agreement with analytical references, can be observed
in Table 7.1. In section 1.5, it was stated that the uncertainty of a simulation tooI
shall be less than 4 dB.
Due to the limited number of measurements, no rigorous uncertainty assessment of
the validation test was possible. Still, from the limited uncertainty considerations of
the simulations and the measurements, it can be conc1uded that the uncertainty of
the simulation tools NEC, Berber and Emission is of the same order of magnitude
as the uncertainty of an actual measurement, i.e., 4 dB.
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SA of two horizontal 100 MHz dipoles
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Figure 7.5: SA with ground plane, LA = L B = 1.4l9m, d = 3m, a
HA = HB = lm.

SA of two vertical 100 MHz dipoles
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Figure 7.6: SA with ground plane, LA = LB = 1.4l9m, d = 3m, a = 9mm and
HA = HB = lm.
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Figure 7.7: SA with ground plane, LA = L B
HA = 1 - 4m and HB = lm.
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SA of two horizontal 100 iV1Hz dipoles, with height scan
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Figure 7.8: SA with ground plane, LA = LB
HA = 1 - 4m and HB = 1m.
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SA of two vertical 100 MHz dipoles, with height scan
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1.419m, d 3m, a 9mm,

80 ,----,-------,-------,---,-----;==========;l

70

60

~SO
;§
<t:
til 40

30

20

SA of two vertical 100 MHz dipoles, with height scan

- Error bars
- Measured mean
- Simulated

SO 100 ISO 200 2S0 300 3S0 400
Freq. [MHz]

Figure 7.10: SA with ground plane, LA = L E = 1.419m, d
HA = 1 - 4m and HE = 1m.

3m, a 9mm,

61



SA of two horizontal SOO MHz dipoles
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Figure 7.11: SA with ground plane, LA = LB = O.1747m, d = 3m, a = 1.5mm and
HA = HB = lm.
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Figure 7.12: SA with ground plane, LA = LB = O.1747m, d = 3m, a = 1.5mm,
HA = 1 - 4m and HB = lm.
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Figure 7.13: SA with ground plane, LA = LB = O.1747m, d = 3m, a = 1.5mm,
HA = 1-4m and HB = 1m.
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Figure 7.14: SA with ground plane, LA = LB = 1.419m, a = 9mm, HA = HB = 1m.
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SA of two vertical 100 MHz dipoles
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Figure 7.15: SA with ground plane, LA = LB = 1.419m, a = 9mm, HA = HB = 1m.
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Figure 7.16: SA with ground plane, LA = LB = O.1747m, a = 1.5mm, HA = HB =
1m.
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SA of two vertical 800 MHz dipoles
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Figure 7.17: SA with ground plane, LA = L B = O.1747m, a = 1.5mm, HA = HB =
1m.

Simulated SA of two horizon tal 100 MHz dipoles
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Figure 7.18: SA with ground plane, LA = L B = 1.419m, d = 3m, a = 3mm and
H B = 1m.
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SA of two horizontal 100 MHz dipoles, measured in Best
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Figure 7.19: SA with ground plane, LA = LB = 1.4l9m, d = 3m, a = 3mm and
HE = lm.

Simulated SA of two vertical 100 MHz dipo1es
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Figure 7.20: SA with ground plane, LA = LB = 1.4l9m, d = 3m, a = 3mm and
HB = lm.
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SA of two vertical 100 MHz dipales. measured in Best
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Figure 7.21: SA with ground plane, LA = LE = 1.419m, d = 3m, a = 3mm and
HE = 1m.
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Figure 7.22: SA with ground plane, Ldip = 1.011m, L mono = 1.96m, Aplane = 35.8
x 33cm, d = 3m, adip = 9mm, amono = 5mm, Hdip = 1 - 4m and H mono = O.8m.
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Figure 7.23: SA with ground plane, L dip = 1.011m, L mono = 1.96m, Aplane = 35.8
x 33em, d = 3m, adip = 9mm, amono = 5mm, Hdip = I - 4m and Hmono = O.8m.
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Figure 7.24: SA with ground plane, Ldipole = l.4m, Lwires = 70em, L mast = 4.2m,
d = 3m, adip. = awires = 9mm, amast = IOem and Hdipoles = lm.
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Chapter 8

Conclusions and
recommendations

8.1 Conclusions

At thc end of this graduation report, we finish with a summary of the results and
the conclusions. As mentioned in section 1.5, the goal of this graduation study is to
obtain an accurate tooI for simulation of radiated emission test ing. As a consequence,
four candidate tools are examined for this research, namely:

• CALTS,

• Berber,

• NEC,

• Emission.

The simulation tool CALTS is based on the analytical expressions, derived in chap
ter 4. This tooI is limited for simulation of very thin dipole antennas and working
with frequencies close to the resonance frequency. Hence, this leads to the conclusion
that the analytical approach cannot satisfy the requirement of an accurate simula
tion over a wide frequency band. However, the results of the analytical approach
can be used as accurate references, at the resonance frequency of the dipole anten
nas. Subsequently, the candidate tools NEC, Berber and Emission are based on the
Method of Moments, a numerical approach. In section 1.4, it is mentioneà that the
uncertainty of NEC and Berber was unknown, at the start of the graduation study.
Due to the limited number of measurements, no rigorous uncertainty assessment of
the validation test was possible. Still, from the limited uncertainty considerations of
the simulations and the measurements, it can be concluded that the uncertainty of
the simulation tools NEC, Berber and Emission is of the same order of magnitude
as the uncertainty of an actual measurement, i.e., 4 dB.
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Concerning the uncertainties, we can conclude that with a numerical simulation
tooI, variation of the SA can be predicted very weIl. For this research we have ex
amined the infiuence due to the variation of the antenna heights and the distance
between the antennas. With the results obtained from measurements and simula
tions, we can conclude that a 20 cm step in the distance between two 100 MHz
dipole antennas causes maximal 1 dB variation in SA. Subsequently, looking at the
height variation, a height step of 5 cm eauses a maximal SA variation of 1 dB also,
for 100 MHz dipoles again. However, if the measurement results are compared, ob
tained from several test facilities, large differences up to 10 dB can be observed.
This means that a lot of uncertainty factors are still unknown or not mentioned in
the standards for radiated emission test ing. One aspect to illustrate the ambiguous
description in the standards is the EUT tabie. The standard prescribes that this
table must be made from "not conducting" material. For the monopole of the RRT
the differences are examined, if a wooden EUT table is used and a table of styro
foam. Surprisingly, the differences can increase to 10 dB, locally, while we know
that the used materials both are not conducting. The same can be said about the
height scanning mast, the tripods and the location of the cables.

8.2 Future research

As future research, it can be recommended to examine and improve the model for
the test facility, because it is useful that insight is gained in the infiuence of the
not perfectly absorbing material and the finite dimensions of the ground plane.
For this graduation study only radiated emission measurements in an ~ATS, SAR
and FAR test facility are considered. As a consequence, for further research it
is recommended to examine other test methods in other EMC test facilities, e.g.,
stirred mode chambers or TEM-cells. This in order to obtain a better insight in the
physical aspects of the test methods and to discover the possible uncertainty factors
and subsequently to propose modifications of the test methods in order to reduce
the uncertainties. In this way, the pOOl' reproducibility of EMC measurements at
this moment can be improved. Finally, it is proposed, to investigate the validity
and applicability of transient analysis of EMC test facilities with pulse excitation
[20]. The possible advantage of this approach is that undesirable refiections by the
not perfectly absorbing material on the walls, bottom (only FAR) or ceiling, can
be excluded with a time window. We can use the integro-differential equation of
Pocklington again, derived in section 5.3. However, the integral equation must be
formulated in the time-domain now. With e.g., the marching-on-in-iime meihod
the system can be solved in the time-domain [15] [20]. Also measurements in the
time-domain are possible, because a lot of modern analysel'S contain transformation
possibilities, from frequency to time and vice versa.
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Appendix A

Literature study

A.I Goal of the literature study

The goal of the literature study is to obtain recent information, which is necessary
to perform the graduation study. Therefore, the goals of the graduation study are
summarised below.
The goal of this graduation study is to obtain an accurate tooI for simulation of ra
diated emission measurements. This can be achieved by modifying and examination
of the existing tools in combination with the development of a new tooI. Each of
the candidate tools will be validated and must obey the following requirements:

• It must be possible to simulate realistic receive antennas and EUT's;

• The radiated emission of an EUT, over a wide frequency band (30-1000 MHz),
must be simulated accurately, e.g. 4 dB;

• It must be possible to scan the receive antenna in height and keep the maxi
mal transfer, in accordance with the radiated emission standard described in
CISPR 22 [2];

• It must be possible to select the bottom plane to be either perfectly conducting
or perfectly absorbing, in order to simulate a SAR or FAR situation.

In addition, it is also important to get insight in the uncertainties occurring in ra
diated emission measurements. Hence, the simulation tooI must be capable also to
perform parameter variation studies of a radiated emission test. A literature study
is necessary, in order to gather the state-of-the-art research results on the area of
radiated emission measurements and the simulation of those. This to prevent over
lapping or outdated research activities and to discover the interesting research areas.
It is noted that for this graduation study, only radiated emission measurements per
formed within an üATS, SAR or FAR, are considered. Finally, the literature study
is necessary to become familiar with the jargon used in the EMC-field.
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A.2 Selection of literature

A.2.1 List of search terms

For the literature study it is important to look at information about radiated emis
sion measurements and those simulation, performed within an OATS, SAR or FAR
test facility. This brings us to the following list of search terms:

• EMC radiated emission measurements,

• Uncertainties by radiated emission measurements,

• Open area test site,

• Semi anechoic room / chamber,

• Fully anechoic room / chamber,

• EMC radiated emission standards,

• Test site calibration,

• Simulation of radiated emission measurements,

• Numerical methods for antennas and scattering,

• Method of Moments.

A.2.2 Sourees

For the literature study different sources are selected for searching the up to date
information about EMC radiated emission testing and simulation of this testing. For
the literature study of this graduation study the following list of sources are used:

• Vubis online library catalog of the Eindhoven University of Technology,

• Inspee,

• Philips Research Nat.Lab. library and documentation service online,

• IEL IEEE/IEE Electronic Library.

Within these sources the references are selected listed in the bibliography on page 79.
In Table A.I the selected references are showed and the sources where the references
are found. The reference indexes can be found in the bibliography on page 79.
Furthermore, in Table A.2 an overview is given of the used references in the chapters
of the graduation report.
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References Vubis Inspec Nat.Lab. IEEE/IEE
Library Library

[3] Balanis X X
[6] Gavenda X X
[7] Goedbloed X
[8] Haala X
[9] Harrington X X
[10] Jakobus X
[11] Kawana X X
[13] Sadiku X
[14] Smith X X
[15] Tijhuis X X
[17] Tsai X X
[18] Vossen X
[20] de Wijs X
[21] Zwamborn X
[22] Zwamborn X X

Table A.1: Found references with sources.

Chapter [3] [7] [8] [10] [11] [13] [14] [15] [17] [18] [21] [22]

1 X
2 X X X
3 X
4 X X
5 X X X
6 X X X X

Table A.2: Overview of used references in the chapters of the report.

A.3 Results

A.3.l Discussion

Only the publication of Jakobus [10] mentions some aspects of the simulation of
radiated emission testing. In this paper the errors associated with radiated emission
testing are discussed. Only the errors are examined caused by unaccurate antenna
factors or a fini te ground plane. In the publication of Kawana [11] a numerical
approach is used for evaluation of the site attenuation (SA). The method described
in [11] looks like the CALTS (Calibration Test Site) procedure. In this procedure,
two resonant dipoles are used for the evaluation of the SA. At specific frequencies
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between 30-1000 MHz, the SA is measured using tuned dipoles. The measured SA
values are compared with the calculated SA values. The only difference between
the method in [lIJ and the CALTS procedure is the computational approach. The
CALTS procedure uses analytical expression, whereas in [lIJ a numerical approach
with a height scan is used. As first step for the graduation study, two dipoles are
used also. However, to simulate a radiated emission test more realistically, it is
interesting to know the emission properties of a dipole antenna beyond resonance.
For the simulation of the coupling between two wires, [18J can be used. This report
mentions the coupling between two straight wires in a free space situation. The
theories explained in [18], are used as basis for the program Emission. In [18J the
reduced form of Pocklington's equation is used for the formulation of the coupling
between two wires. The exact derivation of this reduced form, was first given in [15J.
The program Emission uses the MoM (Method of Moments) in order to solve the two
wire coupling problem in combination with an iterative conjugate gradient solver. In
[9J and [13J detailed information can be found about the MoM. In addition, [13J is a
very useful book, because also another numerical techniques are discussed in detail.
Furthermore, detailed information about the conjugate gradient iterative solver can
be found in the references [21 J and [22J. Finally, in the publications [7J and [10J
information can be found concerning measurement uncertainties.

A.3.2 Conclusion

From this literature study, we can conclude that the examination of the simulation of
radiated emission, is a research activity of current interest. Numerical computation
of the SA is performed in [11J. However, as mentioned above, in this publication
only dipoles are simulated at the resonance frequency, in accordance with the CALTS
procedure. Therefore, it is interesting especially to look at the broadband behaviour
of the dipoles of fixed length, in order to simulate arealistic radiated emission
measurement.
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Appendix B

Green's functions

This appendix lists the Green's functions, which are used in section 5.4 of this thesis.
For each test configuration aspecific Green's function must be applied, these are
listed below.

The free space Green's function of a single wire:

e-"I0 Ra

G (z - z', s) = . R
41T a

The free space Green's function for the coupiing between two wires:

( ') e-"Ioj(z-z')2+d
2

GB-+A z - Z ,s = 41TJ(Z _ z')2 + rf2

The free space Green's function for the coupling between two wires, with height
difference between the dipoles, where offset = HA - HE:

e -"10 J(z-z')2+d2+offset 2

G B-+A (z - z', s) = ----,.=========

41TJ(Z - z')2 + d2 + offset2
(B.3)

Green's function with groundplane and horizontal setup, from original antenna:

e-"I0 J(z-z')2 +d2+offset 2

GB-+A(Z - z',s) = -~=========
41TV(z - z')2 + rf2 + offset2

Green's function with groundplane and horizontal setup, from image antenna:

e-"Ioj(z-z')2 +d2+(HA +HS)2

G B -+A (Z - z', s) = --:-~::;=====c=;;====:=;;==:::::;======::::::::=;=
41TJ(Z - z')2 + d2 + (HA + HB)

Green's function with groundplane and vertical setup, from original antenna:

e-"I0 j(offset-(z-z'))2 +d2

G B -+ A (Z - z' , s) = --:-~::;==:;:;;=====;===~;c===~
41TJ(offset - (Z - z'))2 + d2
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Green's function with groundplane and vertical setup, from image antenna:
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Appendix C

EMC simulation shell

As mentioned in section 1.6, the existing tools are expanded with a height scan
option, prescribed by the EMC standards. Hence, an "EMC simulation shell" is de
veloped in order to realise a simulation of a realist ic radiated emission measurement.
This is necessary, because the standard simulation tools only compute the currents
and fields in one measurement configuration. However, for arealistic simulation, not
only one configuration is involved, because a height scan must be performed as weIl.
One of the tasks of the "EMC simulation shell" is to provide the Emir input file
with the new height of the receive antenna, if the current height step is finished. In
addition, the shell must save the maximum signal transfer for each frequency point
and all height steps. The user must provide an Emir input and source file, just as
normal. However, the user may not assign any value to the height of the receive an
tenna, but must define this with 'height'. Concerning the source file, one limitation
is present for the user , namely it is obliged to define impedances at the terminals
of the antennas. If no impedances are defined, a realist ic SA cannot be computed.
Furthermore, the user must follow the list given below to perform a simulation:

• Create an Emir input file and a source file;

• Call the EMC simulation shell, with the name transfer;

• Give the name of the Emir input file without the extension;

• Define the height scanning parameters (starting point, end point and the num
ber of points);

• The selected simulation program will be started automatically
(NEC or Berber);

• When the simulation is ready, read the result. sa file for the results of the
simulation.

Finally, the shell integrates the several programs, mentioned in section 1.4, necessary
for a complete simulation.
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